Mn-added 0.3BaTiO 3 0.1Bi x (Mg 1/2 Ti 1/2 )O 3 0.6BiFeO 3 (x = 0.93, 0.96, 1.00, 1.04, 1.07, and 1.10) ceramics were fabricated by conventional solid-state reaction. The crystal systems of all the ceramics were pseudo-cubic, and no secondary phase was observed. It was found that the ceramics with x = 1.00 exhibited an optimum piezoelectric property of d 33 = 106.16 pC/N, while the Bi-deficient and excess ceramics lowered the piezoelectric properties to 81.09 and 102.29 pC/N, respectively. The reason of the decreases could be associated with domain wall pinning effects by defect complexes and the presence of the residual small amount of Bi 2 O 3 .
Introduction
Off-stoichiometry has a considerable influence on the microstructure and, ferroelectric and piezoelectric properties of piezoelectric ceramics. 1) For ABO 3 -perovskiteoxide-based piezoelectric ceramics such as Pb(Zr,Ti)O 3 (PZT), (K,Na)NbO 3 (KNN), (Bi 0.5 Na 0.5 )TiO 3 (BNT), and BiFeO 3 (BF), A-site off-stoichiometry may occur during sintering due to the volatile elements of Pb, Bi, K, and Na, which often deteriorated their electrical properties.
2)7) To avoid this, excess PbO was added to PZT ceramics to compensate the loss of PbO.
2),3) The effects of A-site element deficient and excess on the microstructure and electrical properties of KNN-, BNT-, and BF-based ceramics have also been studied.
4)7)
A BaTiO 3 Bi(Mg 1/2 Ti 1/2 )O 3 BiFeO 3 (BTBMTBF) system offers increased piezoelectric properties and a high Curie temperature (Tc) of around 450°C at a phase boundary composition of 0.3BT0.1BMT0.6BF where a BF-rich rhombohedral phase and a BT-rich pseudo-cubic phase meet. 8)10) For 0.3BT0.1BMT0.6BF ceramics, it was suggested that Bi was evaporated during sintering due to its high vapor pressure, which was accompanied by the formation of oxygen vacancies and the valence change of Fe ions for electrical neutrality.
11),12) These defects may form defect dipoles, which pin domain walls and thus decrease ferroelectric and piezoelectric properties. In order to overcome this, various approaches have been taken; the suppression of the formation of the defects by spark plasma sintering which can densify ceramics in shorter time at a lower temperature, and sintering in various oxygen partial pressures. 12), 13) In this study, 0.3BaTiO 3 0.1Bi x (Mg 1/2 Ti 1/2 )O 3 0.6BiFeO 3 (x = 0.93, 0.96, 1.00, 1.04, 1.07, and 1.10) + 0.05 wt % MnO 2 ceramics were fabricated by conventional solid-state synthesis and ceramic processing, and the microstructure and electrical properties were investigated. powders were mixed firstly through ball milling using 3 mm zirconia balls and ethanol for 16 h. After this, the slurries were dried at 80°C in an oven, and sieved through a 250¯m mesh screen, and then calcined at 900°C for 6 h with a heating rate of 5°C/min in the same furnace. A small amount of 0.05 wt % MnO 2 was added to the calcined powders to decrease leakage current. 9) Then, second ball milling was performed and dried in the oven. A polyvinyl butyral (PVB) binder was added to dried powders, and then green disk pellets with 10 mm diameter and 1 mm thickness were formed by uniaxial pressing at 250 MPa. After the PVB binder was eliminated at 700°C for 10 h, the pellets were sintered at 1000°C for 2 h in air. The densities of the ceramics were measured by an Archimedes method. The relative densities of the ceramics with x = 0.93, 0.96, 1.00, 1.04, 1.07, and 1.10 were above 93%. Crystal structure was investigated by an X-ray diffractometer (XRD, Ultima IV, Rigaku) with Cu K¡ radiation. The A/B ratios were measured by X-ray fluorescence analysis performed by Nippon Chemical Industrial. The ceramics were chemically etched with 1 mol/1 HCl solution for 2040 min, and the microstructures of the ceramics were observed by scanning electron microscopy (SEM, JSM-6510, JEOL).
Experimental procedure
The sintered pellets were polished down to 0.4 mm in thickness using a diamond slurry. After the polished samples were cut to a size of 4 mm (length) © 1.5 mm (width) © 0.4 mm (thickness) and 0.5 mm (length) © 0.5 mm (width) © 1.5 mm (thickness), the prepared samples were annealed at 800°C for 20 h, and were quenched in water. The quenching process was carried out to enhance ferroelectric and piezoelectric properties by the effects of domain wall de-pinning and defect distributions.
9),14)16) Gold electrodes were coated on surfaces of the samples, and heated at 300°C for 10 min. For 4 mm (length) © 1.5 mm (width) © 0.4 mm (thickness) samples, the temperature dependence of the dielectric properties and loss tangent was measured by LCR analyser (6440B, Wayne Kerr Electronics) in the range of 20500°C. Polarizationelectric field (PE) loops and strainelectric field (SE) curves were determined using a ferroelectric and strain measuring system (JP005-SE, Kitamoto Denshi) with a displacement meter (Millitron 1202IC, Mahr), which was measured at 0.1 Hz at room temperature. The 0.5 mm (length) © 0.5 mm (width) © 1.5 mm (thickness) samples were poled under the DC electric field of 50 kV/cm at 120°C for 30 min. The piezoelectric charge constant d 33 , electromechanical coupling factor k 33 were calculated by the resonance-antiresonance method. The d 33 value was also measured by an d 33 meter (PiezoMeter PM300, Piezotest).
Results and discussion
The XRD patterns of 0.3BaTiO 3 0.1Bi x (Mg 1/2 Ti 1/2 )O 3 0.6BiFeO 3 (0.3BT0.1B x MT0.6BF) + 0.05 wt % MnO 2 ceramics exhibited the formation of a perovskite structure as shown in Fig. 1 . The enlarged XRD patterns with selected 2ª angles from 21 to 23°for (100) peaks, those from 30 to 33°for (110) peaks, and those from 38 to 41°f or (111) peaks were not separated. This indicated that the crystal systems of all the samples were indexed on the basis of pseudocubic symmetry, and the Bi-deficiency and excess did not make a noticeable change in a crystal structure without forming any secondary phases such as Bi 25 FeO 39 (Bi-rich) and Bi 2 Fe 4 O 9 (Bi-poor) in a detection limit. Single phase pseudocubic symmetry was also observed for other Bi-based lead-free piezoelectric materials with A-site off-stoichiometry. The temperature dependence of the dielectric constant and loss tangent of all the ceramics was measured, and that of x = 0.93, 0.96, 1.00, 1.04, 1.07, and 1.10 is shown in Fig. 3 . Two noticeable changes in the dielectric responses with x were observed. One is an increasing tendency in the T C ; that is, 424, 420, 426, 421, 429, and 441°C at x = 0.93, 0.96, 1.00, 1.04, 1.07, and 1.10, respectively. For BaTiO 3 BiFeO 3 (BTBF) ceramics, an increase in T C with excess Bi content was reported. 19 ),20) Therefore, it was believed that the increase was associated with the change in x. The other is the sharpening and broadening of the dielectric constant peak at T C . For the ceramics, relaxorlike dielectric behavior, that is, the broad peak and strong frequency dependence of the dielectric constant, was observed. For 0.3BT0.1BMT0.6BF ceramics, it was reported that their microstructure was consisted of macrodomains with a BF-rich composition and nano-domain with a BT-rich composition. 21) Thus, it is believed that the relaxor-like behavior was attributed to the nano-domains of the Mn-added 0.3BT0.1B x MT0.6BF ceramics. In addition, it was reported that the relaxed dielectric constant peak became shaper for BTBF ceramics with larger grains and this was associated with the increased amount of macro-domains for the ceramics with larger grain size. 22) For the ceramics with x = 1.10, the larger grain size was observed. This suggests a similar change in a domain structure occurred in the ceramics. To confirm this, transmission electron microscopy observation is necessary to see domain structure, which will be future work. Figure 4 shows PE hysteresis loops and bipolar SE curves measured at 0.1 Hz at room temperature for the 0.3BT0.1B x MT0.6BF +0.05 wt % MnO 2 ceramics. The stoichiometric ceramics had a PE hysteresis loop with the highest remanent polarization (P r ) of 34.2¯C/cm 2 and had a typical ferroelectric butterfly curve with the maximum strain (S max ) of 0.18% and large negative strain. On the other hand, the off-stoichiometric ceramics showed degraded P r and S max , and the SE curves of offstoichiometric compositions were asymmetric, which was different from those of the stoichiometric ceramics.
In the case of the Bi (Bi 2 O 3 )-deficient sample, bismuth vacancies V 
Moreover, negatively charged defects Fe 
with the defects Fe 15) and subsequently decreased P r , S max , and d 33 values. Note that although the Mn addition to 0.3BT0.1B x MT0.6BF ceramics did reduce leakage current and improved ferroelectric and piezoelectric properties, its mechanism was not clear. We did not know that the leakage current was associated with electrons or holes. For either case, it is believed that Mn ions can react with them by changing their valence state and thus improved the properties.
In the case of Bi-excess sample, it was considered that a small amount of Bi 2 O 3 that could not be detected by an XRD measurement, might exist at the grain boundaries decreased ferroelectric and piezoelectric properties. Therefore, the Bi-deficient and excess samples had the lower ferroelectric and piezoelectric properties than the stoichiometric composition. smaller number of defect complexes. Note that the highest maximum phase angle was obtained at x = 1.10. This indicated that this sample could be easily poled compared other samples, which suggested that the number of defect complexes was the smallest in the perovskite phase for the sample.
Conclusion
The Bi-deficiency/excess of A-site off-stoichiometry of 0.3BaTiO 3 0.1Bi x (Mg 1/2 Ti 1/2 )O 3 0.6BiFeO 3 + 0.05 wt % MnO 2 ceramics (x = 0.93, 0.96, 1.00, 1.04, 1.07, and 1.10) were investigated, and the microstructure, piezoelectric and ferroelectric properties were studied. The crystal structure of the all ceramics was a pseudo-cubic structure, and no detectable secondary phase was observed. However, while the domain switching in the Bideficient/excess compositions became difficult due to the pinning effects by defect complexes and residual small amount of non-ferroelectric Bi 2 O 3 . On the other hand, the stoichiometric sample shows a large piezoelectric response and electric-field-induced strain. This suggested that stoichiometric sample was not affected by defect complexes and a residual small amount Bi 2 O 3 . The results of this work focused on how the A-site stoichiometry or offstoichiometry affected BTBMTBF ceramics and explored these effects with examples of defect complexes. These results provided a useful understanding to enhance piezoelectric properties during the processing of the BFbased lead-free piezoelectric ceramics.
